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Effects of dietary fiber on cecal short-chain fatty acid and cecal microbiota of 
broiler and laying-hen chicks 
Abstract 
This experiment was conducted to evaluate the effects of feeding dietary fiber on cecal short-chain fatty 
acid (SCFA) concentration and cecal microbiota of broiler and laying-hen chicks. The lower fiber diet was 
based on corn-soybean meal (SBM) and the higher fiber diet was formulated using corn-SBM-dried 
distillers grains with solubles (DDGS) and wheat bran to contain 60.0 g/kg of both DDGS and wheat bran 
from 1 to 12 d and 80.0 g/kg of both DDGS and wheat bran from 13 to 21 d. Diets were formulated to 
meet or exceed NRC nutrient requirements. Broiler and laying-hen chicks were randomly assigned to the 
high and low fiber diets with 11 replicates of 8 chicks for each of the 4 treatments. One cecum from 3 
chicks was collected from each replicate: one cecum underwent SCFA concentration analysis, one 
underwent bacterial DNA isolation for terminal restriction fragment length polymorphism (TRFLP), and 
the third cecum was used for metagenomics analyses. There were interactions between bird line and 
dietary fiber for acetic acid (P = 0.04) and total SCFA (P = 0.04) concentration. There was higher 
concentration of acetic acid (P = 0.02) and propionic acid (P < 0.01) in broiler chicks compared to laying-
hen chicks. TRFLP analysis showed that cecal microbiota varied due to diet (P = 0.02) and chicken line (P 
= 0.03). Metagenomics analyses identified differences in the relative abundance of Helicobacter pullorum 
and Megamonas hypermegale and the genera Enterobacteriaceae, Campylobacter, Faecalibacterium, and 
Bacteroides in different treatment groups. These results provide insights into the effect of dietary fiber on 
SCFA concentration and modulation of cecal microbiota in broiler and laying-hen chicks. 
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GENETICS AND GENOMICS
Effects of dietary fiber on cecal short-chain fatty acid and cecal microbiota of
broiler and laying-hen chicks
M. Walugembe,∗ J. C. F. Hsieh,∗ N. J. Koszewski,† S. J. Lamont,∗ M. E. Persia,‡
and M. F. Rothschild∗,1
∗Department of Animal Science, Iowa State University, Ames, IA 50011, United States; †Department of
Biomedical Sciences, Iowa State University, Ames, IA 50011, United States; and ‡Department of Animal and
Poultry Sciences, Virginia Tech, Blacksburg, VA 24061, United States
ABSTRACT This experiment was conducted to evalu-
ate the effects of feeding dietary fiber on cecal short-
chain fatty acid (SCFA) concentration and cecal mi-
crobiota of broiler and laying-hen chicks. The lower
fiber diet was based on corn-soybean meal (SBM) and
the higher fiber diet was formulated using corn-SBM-
dried distillers grains with solubles (DDGS) and wheat
bran to contain 60.0 g/kg of both DDGS and wheat
bran from 1 to 12 d and 80.0 g/kg of both DDGS and
wheat bran from 13 to 21 d. Diets were formulated to
meet or exceed NRC nutrient requirements. Broiler and
laying-hen chicks were randomly assigned to the high
and low fiber diets with 11 replicates of 8 chicks for
each of the 4 treatments. One cecum from 3 chicks
was collected from each replicate: one cecum under-
went SCFA concentration analysis, one underwent bac-
terial DNA isolation for terminal restriction fragment
length polymorphism (TRFLP), and the third cecum
was used for metagenomics analyses. There were inter-
actions between bird line and dietary fiber for acetic
acid (P = 0.04) and total SCFA (P = 0.04) concen-
tration. There was higher concentration of acetic acid
(P = 0.02) and propionic acid (P < 0.01) in broiler
chicks compared to laying-hen chicks. TRFLP anal-
ysis showed that cecal microbiota varied due to diet
(P = 0.02) and chicken line (P = 0.03). Metagenomics
analyses identified differences in the relative abun-
dance of Helicobacter pullorum and Megamonas hy-
permegale and the genera Enterobacteriaceae, Campy-
lobacter, Faecalibacterium, and Bacteroides in different
treatment groups. These results provide insights into
the effect of dietary fiber on SCFA concentration and
modulation of cecal microbiota in broiler and laying-hen
chicks.
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INTRODUCTION
With the volatility in the price of corn and feed-grade
oils and fats, the use of feed ingredients high in dietary
fiber has received more interest from the poultry in-
dustry. Dietary fiber is a major component of the plant
cell walls and consists of both non-starch polysaccha-
rides (NSP) and non-carbohydrate components (Bach
Knudsen, 2001). Previous experiments have reported
that increasing fiber levels decreases growth rate and
feed efficiency in chickens (Rick et al., 1982). However,
some reports show that fiber source in poultry diets has
an important role in gastrointestinal development and,
ultimately, in metabolism of energy (Jorgensen et al.,
1996). Poultry are efficient at the degradation and uti-
lization of starch as an energy source due to efficient
enzyme activity (Weurding et al., 2001), but are less
C© 2015 Poultry Science Association Inc.
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efficient and more variable in energy extraction from
NSP (Jorgensen et al., 1996; Langhout and Schutte,
1996). The inefficient and variable responses to dietary
fiber are due to the absence of digestive enzymes for
fiber and the relatively short digestive tract and tran-
sit time of digesta within the chicken’s gastro-intestinal
tract (GIT) (Krogdahl, 1986; Iji et al., 2001).
Cecal microflora characterization started in the 1970s
(Barnes, 1979) and, since then, better analysis meth-
ods, including molecular techniques, have been used to
address cecal microbial ecology (Yeoman et al., 2012).
Among molecular techniques, the terminal restriction
fragment length polymorphism (TRFLP) technique has
been used to compare and contrast microflora in the
duodenum, jejunum, ileum, and ceca (Gong et al.,
2002). TRFLP analyses examine intestinal microflora
based on high-throughput, high-resolution fingerprint-
ing of the 16S rRNA gene regions. The 16S ribosomal
gene regions have been used to examine the bacterial
diversity in the ceca (Zhu et al., 2002), but other tech-
niques such as the whole genome shotgun sequencing
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(WGS) of microbiome aimed at measuring the effects
from differences in dietary fiber provide greater under-
standing of microbiota (Schwiertz et al., 2010; Ravussin
et al., 2012).
The objective of the current experiment was to
investigate — using DNA-based analytical methods,
TRFLP and whole genome shotgun sequencing — the
effects of increasing concentrations of dietary fiber
through the addition of DDGS and wheat bran on
the SCFA cecal concentration and cecal microbiota of
broiler and laying-hen chicks. We hypothesize that we
will identify changes in relative abundance in specific
bacterial groups that may be associated with an in-
crease in energy extraction.
MATERIALS AND METHODS
Birds and Experimental Design
The experimental procedures were approved by the
Institutional Animal Care and Use Committee of Iowa
State University (3-12-7316).
A total of 250 male Ross 308 broiler chicks (Aviagen
Group, Huntsville, AL) and 250 male Hy-line W36 (Hy-
Line International, Dallas Center, IA) laying-hen chicks
were secured from separate commercial hatcheries and
transported to the ISU Poultry Research and Teach-
ing Unit. On d 1, chicks were individually weighed,
sorted by weight, wing-banded, and assigned by line and
body weight within line to battery cages to minimize
differences in mean treatment body weight of groups
at the start of the experiment. Broiler and laying-hen
chicks were assigned in different battery cages in a com-
pletely randomized design. Chicks were maintained in
raised wire battery cages (432 cm2/chick) with continu-
ous light in an environmentally controlled room where
all chicks had initial access to a temperature of 32◦C
that was gradually decreased to 26◦C over the duration
of the feeding experiment.
Treatments were arranged as a 2 × 2 factorial with
2 dietary fiber concentrations (lower and higher fiber)
and 2 chicken lines (broiler and layer). Each of the
4 treatments consisted of 11 experimental units of 8
chicks, resulting in 88 total chicks per treatment.
Dietary Treatments
Starter diets for both broiler and laying-hen chicks
were formulated to be isocaloric and meet or exceed Na-
tional Research Council (1994) nutrient recommenda-
tions. The lower fiber diet was based on corn-soy bean
meal (SBM) and the higher fiber diet was formulated
based on corn-SBM-DDGS-wheat bran to contain 60.0
g/kg of DDGS and 60.0 g/kg of wheat bran fed from 1
to 12 d and 80.0 g/kg of DDGS and 80.0 g/kg wheat
bran fed from 13 to 21 d (Table 1). Birds had ad libitum
access to feed and water throughout the experimental
period.
Sample Collection and DNA Extraction
On d 21, birds were euthanized by carbon dioxide as-
phyxiation. One cecum was collected from 3 chicks for
each replicate, immediately frozen in liquid nitrogen,
and later stored at –80◦C until the analysis of SCFA
and isolation of bacterial DNA for TRFLP and metage-
nomics analyses. Eleven ceca, one from each replicate,
were cut open, digesta collected, and DNA isolated from
the 4 treatments. The DNA was isolated from cecal
digesta samples using repeated Bead Beating plus Col-
umn (RBB+C) protocol for cell disruption as described
by Yu and Morrison (2004). DNA was quantified us-
ing 5μl sample in a 340μl volume by UV 260/280 ab-
sorbance in a BioTek Synergy 2 multi-mode microplate
reader (BioTek Instruments, Winooski, VT) and UV-
compatible microplate. Eleven samples of DNA for each
of the 4 treatments were isolated for both TRFLP and
metagenomics analyses.
SCFA Concentration Analysis
The concentrations of acetic acid, propionic acid,
and butyric acid were determined from the contents of
one cecum per experimental unit. Eleven frozen cecal
samples, one from each replicate for the 4 treatments
were thawed at room temperature and approximately
0.45 g of cecum contents was gently squeezed into a pre-
weighed 2 mL tube. One mL of 24% meta-phosphoric
acid in 2.5 M sulfuric acid was added together with
4-methyl valeric acid as an internal standard. The acid-
ified solution was mixed using a vortex mixer to form
a homogenous solution, centrifuged at 17,000 x g for
20 min at 4◦C. The supernatant was stored at –20◦C
until SCFA analysis was conducted. The supernatant
was analyzed for SCFA using HP-FFAP column 30 m
long with a 0.25 mm internal diameter, HP 6890 se-
ries Gas Chromatograph, and HP 5973 mass selective
detector. The following parameters were used: 1μl in-
jector volume, 12.15 psi pressure, 240◦C injector tem-
perature, 1.1 mL/min constant flow, and helium carrier.
The oven program used was as follows: 80◦C initial tem-
perature hold for 5 min, ramp 10◦C per min to 240◦C,
and 12 min hold at 240◦C. The molar concentration of
each SCFA was calculated using 4 methyl valeric acid,
and the molar percentage of an individual SCFA was
calculated by dividing the micro molar (μM) concen-
tration of the individual SCFA by theμM sum of all
the SCFA multiplied by 100. Individual SCFA concen-
trations were calculated as a percentage of the total
SCFA content to determine if the increase in dietary
fiber shifted the concentration of one SCFA to another.
16S rRNA Gene PCR Amplification for the
TRFLP Analysis
A variable region (341 to 783) of the bacterial
16S rRNA gene was amplified using 5’- fluorescein
DIETARY FIBER EFFECTS FOR BROILERS AND LAYERS 2353
Table 1. Ingredient composition and nutrient content of broiler
starter diets fed from 1 to 21 d of age.
Low fiber High fiber High fiber
1 to 21 d 1 to 12 d 13 to 21 d
Ingredient composition (g/kg)
Corn 609.9 505.6 470.8
Soybean meal 48 307.6 271.8 259.9
Dried distillers grains with solubles 0.0 60.0 80.0
Wheat bran 0.0 60.0 80.0
Meat/bone meal 20.0 20.0 20.0
Animal vegetable blend 24.5 45.6 52.6
Salt 2.9 2.6 2.5
DL methionine 1.7 1.7 1.7
Limestone 10.1 10.8 11.1
Dicalcium phosphate 13.5 12.1 11.6
Choline chloride 60 1.0 1.0 1.0
Vitamin and mineral premixa 6.25 6.25 6.25
Titanium dioxide 2.5 2.5 2.5
Calculated composition (%)
Crude protein 21.0 21.0 21.0
Metabolizable energy (Kcal/Kg) 3100 3100 3100
Calcium 1.0 1.0 1.0
Non-phytate phosphorus 0.45 0.45 0.45
Fat 53.4 76.7 84.5
Digestible methionine + cysteine 0.85 0.85 0.85
Digestible lysine 1.12 1.12 1.12
Digestible threonine 0.81 0.79 0.79
Analyzed composition (%)
Crude protein 20.3 20.8 21.0
Neutral detergent fiber 10.02 14.02 14.97
Acid detergent fiber 2.45 3.75 4.25
aProvided per kg of diet: Selenium-250μg; Vitamin A-8,250 IU; Vitamin
D3–2,750 IU; Vitamin A-17.9 IU; Menadione 1.1 mg; Vitamin B12–12 μg;
Biotin-41 μg; Choline-447 mg; Folic acid-1.4 mg; Niacin-41.3 mg; Pan-
tothenic acid-11 mg; Pyridoxine-1.1mg; Riboflavin-5.5 mg; Thiamine-1.4 mg;
Iron-282 mg; Magnesium-125 mg; Manganese-275 mg; Zinc-275 mg; Copper-
27.5 mg; Iodine-844 μg.
(6-FAM)-labeled 341f (5’-TCCTACGGGAGGCAGC-
AGT-3’) primer and 5’-hexachloro-fluorescein
(HEX)-labeled 783r (5’-TGGACTACCAGGTCTAA-
TCCTGTT-3’) primer (synthesized by Integrated
DNA technologies, Coralville, IA). The PCR reac-
tions were done in 0.5 mL thin-walled tubes (USA
Scientific, Ocala, FL), containing 12.5 ng cecal DNA
template, 5μl 10X Pfx amplification buffer (Invitrogen,
Carlsbad, CA), 1.5μl 10mM mixture of each of the 4
dideoxynucleotides triphosphates (Promega, Madison,
WI), 1.5μl 10μM solution of each primer, 1μl 50 mM
MgSO4 (Invitrogen), and 0.4μl Platinum R© Pfx DNA
polymerase (Invitrogen, Carlsbad, CA), made up to
a final 50μl volume with water. The thermal profile
of the 16S rRNA gene amplification was as follows:
denaturation at 94◦C for 2 min, then 35 cycles of 94◦C
for 15 s, 55◦C for 30 s, and 68◦C for 1 min, with a
final extension step at 68◦C for 5 min, followed by
holding samples at 10◦C. Negative controls, containing
all components except DNA template, were included
in parallel. The 16S rRNA gene amplicons were
analyzed by gel electrophoresis using a 5μl aliquot
of the product on 1% agarose gels and visualized
after staining with ethidium bromide. PCR products
were further purified to remove any protein using a
phenol/chloroform extraction technique as follows:
50μl TE buffer was added to 50μl PCR product and
an equal volume of phenol/chloroform was added to
extract nucleic acid by vigorous shaking for 10 to 15
s. After centrifugation (5,000 rpm for 1 min), about
90μl upper aqueous phase was transferred to a clean
centrifuge tube. Exactly 9μl (1/10 volumes relative
to total aqueous phase) sodium acetate (pH 5.5) was
added, mixed briefly, and 300μl (ca. 3 volumes relative
total aqueous absolute ethanol) was added to the
resultant mixture, gently mixed, and stored at –80◦C
for 15 min. The mixture was centrifuged (18,000 X g
for 20 min) at 4◦C. The supernatant was discarded
and 1 × 200μl 75% ethanol added to wash the pellet,
and the spin repeated for 5 min. The ethanol wash
was discarded and the pellet air-dried for 15 to 30
min. The dried pellet was re-dissolved in 50μl TE at
55◦C, purified PCR products (5μl) were visualized
by electrophoresis on 1% agarose gels with ethidium
bromide staining, and the remaining samples were
stored at –20◦C for later processing.
Digestion with Restriction Enzyme and
TRFLP Analysis
The amplified variable region DNAs were digested
with either HhaI or MspI restriction enzymes. The
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reactions set up in 0.5 mL thin-walled tubes containing
9μl purified PCR sample, 2μl 10X reaction buffer 4
(New England Biolabs, Ipswich, MA), and 1μl 20 U/μl
either HhaI or MspI in 20μl final volumes made up with
water. BSA (NEB; 100μg/μl) was added in the HhaI
reaction as required by the manufacturer. The digests
were performed at 37◦C for 2 h and samples were stored
at –20◦C for later analysis. Fluorescent labeled termi-
nal restricted fragments (TRFs; 1.5μl) were separated
using an automatic sequence analyzer, ABI 3730 (Ap-
plied Biosystems), and the TRFs sizes in the range of 35
to 500 bp were determined using internal size standard
(GeneScan-500 ROX; Applied Biosystems). The TR-
FLP electropherograms were analyzed with GelQuest
3.1.7 software (SequentiX, Germany) to produce oper-
ational taxonomical units (OTU) that were later used
for statistical analysis.
Metagenome Sequencing and Analysis
Metagenome WGS of the cecal DNA was performed
at the Iowa State University DNA facility. DNA from
11 chicks’ ceca was pooled for each treatment before
library preparation to obtain one DNA sample for each
treatment. Library preparation and sequencing on the
Illumina HiSeq 2500 were performed in accordance to
the manufacturer’s instructions by Source BioScience,
Nottingham, United Kingdom. Paired-end 150 bp reads
per sample were run on the HiSeq.
Paired-end sequences that were generated from
WGS of the cecal microbiome first went through pre-
processing by FastX 0.0.13; adapters were removed, fol-
lowed by filtering out poor quality reads (more than
20% of the bases have Phred score below 20), and
reads shorter than 75 nucleotides were removed. The
paired-end sequences were then merged, analyzed us-
ing the open source software package MetaPhlAn 1.7.7,
and visualized with GraPhlAn 0.9.6 (Segata et al.,
2012). The metagenomics analyses followed closely to
the MetaPhlAn practical tutorial, using Bowtie2 2.2.2
for alignment against marker genes (Langmead and
Salzberg, 2012; Segata et al., 2013).
Statistical Analyses for SCFA and TRFLP
The SCFA concentration data were analyzed us-
ing GLM procedure (SAS 9.3, Cary, NC) in a two-
way ANOVA with the battery cage as an experimen-
tal unit. Tukey’s Honestly Significant Difference test
was used to find differences among treatment means at
P ≤ 0.05. The analysis of the microbial community was
done separately for each restriction enzyme, HhaI and
MspI, in both forward and reverse direction. Because
a few OTUs dominated the microbial assemblage, peak
heights were quarter root transformed, as recommended
by Clark and Green (1988). The differences in microbial
assemblage composition were evaluated using a two-
way analysis of variance on species composition data
(Anderson, 2001). The analyses of the microbial com-
munity composition were done using the vegdist,
metaMDS, and adonis functions in the vegan library
version 2.0–7 (Oksanen et al., 2013) in R (R Core Team,
2013).
RESULTS
Cecal Short-Chain Fatty Acid Concentration
Differs Between Broiler and Laying-Hen
Chicks
The results for cecal SCFA content are shown in
Table 2. Acetate concentration was highest, followed
by butyrate and propionate. There were increased ce-
cal acetic acid (P = 0.02) and propionic acid (P < 0.01)
concentrations in broiler chicks in comparison to laying-
hen chicks. Increasing dietary fiber resulted in a signif-
icant (P = 0.03) decrease in butyric acid, but did not
have an effect on other SCFA concentrations. There
were no interactions (P > 0.05) between bird line and
dietary fiber for both propionic and acetic acids, but
significant interactions were observed in acetic acid
(P = 0.04) and total SCFA (P = 0.04). The increase in
dietary fiber resulted in a significant decrease of total
SCFA (Figure 1a) and acetic acid (Figure 1b) concen-
trations in laying-hen chicks but not in broiler chicks.
There were no interactions between chicken line and
dietary fiber treatment for all the SCFA components
when individual SCFA were computed as a percentage
of the total SCFA. The percent proportion of butyric
acid was higher for lower dietary fiber compared to high
dietary fiber (P = 0.02). The percent proportion of pro-
pionic acid was higher for broiler than laying-hen chicks
(P = 0.01). There were no significant differences in per-
cent proportions of acetic acid regardless of dietary fiber
concentration or chicken line (Table 2).
Microbiota Profile Changed for Broiler but
Not Laying-Hen Chicks
Multivariate statistical analysis showed that the com-
position of the microbial community was significantly
different in the ceca among the dietary treatments when
MspI restriction enzyme was used. The differences were
due to diet (P = 0.02) and line (P = 0.03), with no sta-
tistical evidence of an interaction. No significant differ-
ences in microbial populations were observed with the
HhaI restriction enzyme for forward and reverse primers
(Table 3).
Further analyses of the microbiome using clado-
grams generated from WGS revealed that broilers fed
a high fiber diet had an increase in relative abundance
for the orders Selenomonadales, Enterobacteriales, and
Campylobacterales compared to broilers fed the low
fiber diet (Figure 2a and b). In contrast, the cladograms
for the 2 diet treatments for the layers were similar
(Figure 2c and d). The heat map of the top 25 most
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Table 2. Effect of increasing dietary fiber on short-chain fatty acid (SCFA) concentration
inμmol/g and percent (%) proportion in broiler and laying-hen chicks at 21 d of age.
Line Dietary fiber Acetic acid Propionic acid Butyric acid Total SCFA
Least square means concentration (μmol/g)
Broiler 48.03a 7.97a 13.99 70.95a
Layer 41.57b 5.32b 12.53 60.16b
High fiber 46.05 6.60 11.20b 64.55
Low fiber 43.54 6.69 15.34a 66.56
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .P value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Line 0.02 < 0.01 0.43 < 0.01
Dietary fiber 0.35 0.89 0.03 0.54
Line x dietary fiber 0.041 0.91 0.53 0.04
SEM2 1.862 0.456 1.305 2.326
Least squares means of individual proportion of SCFA (%)
Broiler 68.00 11.25a 19.38
Layer 69.00 8.88b 20.83
High fiber 71.32 10.30 17.31b
Low fiber 65.92 9.93 22.66a
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . P value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Line 0.60 0.01 0.67
Dietary fiber 0.06 0.75 0.02
Line x dietary fiber 0.97 0.32 0.71
SEM1 2.072 2.452 1.624
a,bValues in the same column not sharing a common superscript differ significantly at P ≤ 0.05.
1Interactions are demonstrated in the figures.
2Pooled standard error of mean.
Figure 1. Effect of increasing dietary fiber on total short-chain fatty acid (SCFA) and acetic acid concentration in broiler and layer chicks at
21 d of age. (A) Total short-chain fatty acid production. (B) Acetic acid production. Values are reported as least squares means (LSM); n = 44.
LSM bars not sharing common letters differ significantly, P ≤ 0.05.
Table 3. Two-way PermANOVA of cecal microbial commu-
nities associated with diet and line for the two primers and
two restriction enzymes1.
Parameter P-values
Hforward Hreverse Mforward Mreverse
Diet 0.640 0.646 0.023 0.263
Line 0.425 0.458 0.268 0.028
Diet X line 0.129 0.110 0.111 0.241
1The P-value for each of the factors with forward and reverse
primers and each restriction enzyme, HhaI (H) and MspI (M).
abundant species illustrates more details about the
differences observed with both the cladograms and TR-
FLP (Figure 3). Based on the heat map, relative abun-
dances of selected populations are shown in Table 4. He-
licobacter pullorum and Megamonas hypermegale levels
are associated with treatment groups that had higher
SCFA production (broilers with a high fiber diet and
layers with a low fiber diet). In contrast, the abundance
of Faecalibacterium genus is negatively associated with
SCFA production. Another interesting observation is
the decreased abundance of Bacteroides genus for both
lines of chickens that were fed the low fiber diet. There
is higher abundance of Escherichia coli (in both lines)
and the Campylobacter genus (in broiler only) for chicks
that were fed high fiber diets.
DISCUSSION
As expected, there was higher acetic acid concentra-
tion compared to propionic and butyric acid, regardless
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Figure 2. Cladogram for the 4 treatment groups with the replicates combined: (A) broiler with low dietary fiber, (B) broiler with high
dietary fiber, (C) layer with low dietary fiber, and (D) layer with high dietary fiber. Clades are colored when order has high abundance.
Each color represents a different order: Bacteroidales (blue), Clostridiales (green), Campylobacterales (red), Selenomonadales (light blue), and
Enterobacteriales (light green). Further, size of circles represents the relative abundance for each node and genera with high abundance have filled-
in circles labeled with a letter: Alistipes (“A”), Bacteroides (“B”), Clostridium (“C”), Faecalibacerium (“F”), Helicobacter (“H”), and Megamonas
(“M”).
of chicken line. This is consistent with previous reports
that show that acetic acid production starts early and
is present at 3 d of age in chickens, while propionic acid
and butyric acid are often detected after 12 d of age
(Van der Wielen et al., 2000; Lan et al., 2005). In the
current experiment, we observed differences in concen-
trations of SCFA between broiler and laying-hen chicks,
with broilers producing higher SCFA than laying-hen
chicks. However, this increased SCFA production does
not seem to ameliorate the reduction in performance
in broiler chicks fed the higher fiber diets (Walugembe
et al., 2014). Other reports have shown that there is
relatively longer intestinal length in laying-hen chicks
compared to broiler chicks (Kaminiska, 1979), which
could contribute to a difference in SCFA concentration
between broiler and laying-hen chicks. This difference
in intestine length is not thought to be a major con-
tributing factor in the current experiment, as broilers
produced higher SCFA than laying-hen chicks. Mod-
ern broiler chickens have been reported to have high
rates of intestinal development (Schmidt et al., 2009;
Lumpkins et al., 2010). However, the previous litera-
ture has compared the intestinal development only of
modern broilers and heritage broilers. It would be inter-
esting to compare intestinal development of the modern
broilers and modern laying-hen chicks, but no research
has so been conducted. The variation in rates of intesti-
nal development between broilers and laying-hen chicks
could provide a possible explanation for the differences
in SCFA concentration between the 2 lines. Because of
the high rates of intestinal development in broiler chick-
ens (Schmidt et al., 2009; Lumpkins et al., 2010), it is
possible that broilers in the current study had signif-
icantly higher fermentation of feed nutrients to SCFA
compared to the layer chicks. The increased feed intake
by broilers (Walugembe et al., 2014) also could provide
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Figure 3. Heat map of the top 25 most abundant microbial species identified from the whole genome shotgun sequencing (WGS) of the cecal
microbiome. Both species and treatments are clustered with an unsupervised hierarchical clustering based on relative abundance output from
MetaPhlAn.
Table 4. Selected information of microbiota relative abundance (%)
identified from the whole genome shotgun sequencing (WGS) of the
cecal microbiome1.
Broiler Layer
Population Low fiber High fiber Low fiber High fiber
Helicobacter pullorum 5.3 12.2 51.8 11.2
Megamonas hypermegale 2.3 12.7 6.3 0.9
Faecalibacterium 11.3 5.3 2.9 10.8
Bacteroides 17.5 7.1 10.3 7.3
Campylobacter coli N/A1 0.5 N/A N/A
Campylobacter jejuni 0.1 0.7 N/A N/A
Escherichia coli 1.9 12.4 1.2 1.9
1N/A indicates population not found in treatment.
the possibility that more readily fermentable nutri-
ents are available in the ceca for SCFA production via
fermentation.
The percentage of butyric acid was significantly low-
ered when dietary fiber ingredients were increased in
the diet, unlike other SCFA that were not different
between higher and lower fiber diets. In the current
experiment, the ingredients used were high in insol-
uble fiber that is mainly a nutrient diluent and does
not directly affect digestion (Angkanaporn et al., 1994;
Edwards, 1995). Because the feed ingredients used in
the current experiment contain high insoluble fiber lev-
els, the results of total SCFA concentration between
high and low fiber treatments are not surprising, as
insoluble fiber is not highly fermented in poultry. All
the indigestible components of dietary fiber in the diet
such as crude fiber will have insignificant fermentation
and may not affect SCFA concentration in chicks’ ceca
(Angkanaporn et al., 1994). In contrast to previous re-
ports with insoluble fiber, the relative concentration of
acetic acid in the current study decreased as dietary
fiber ingredients were increased in broiler chick diets
while butyric acid significantly increased with high di-
etary fiber (Denayrolles et al., 2007). In the current
experiment, DDGS and wheat bran were utilized as
high fiber ingredients in a corn-SBM basal diet. The
ingredients used (i.e., corn, SBM, and DDGS), with
the exception of wheat bran, are known to contain
high proportions of insoluble fiber and this could re-
sult in low fermentation. The results might be different
with higher soluble fiber ingredients due to possible in-
creases in microbial proliferation that would cause more
SCFA acid generation as dietary fiber increases in the
diet.
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Diet and line contributed to the difference in com-
position of cecal microbiota defined by cutting with
the MspI restriction enzyme. As expected, increasing
dietary fiber resulted in significant differences in ce-
cal microbial communities. In agreement with previous
reports, diet has been shown to modify the overall mi-
crobial community (Apajalahti et al., 1998; Lan et al.,
2005). This response is again consistent with previous
research that indicated that the source of feed and local
feed modifications can significantly influence intestinal
microbial communities, whereas birds that were fed on
identical feed regimes had closely aligned microbial pro-
files (Apajalahti et al., 2001; Hume et al., 2003). The
current experiment showed a difference in microbial
communities between broiler and laying-hen lines. In
agreement with previous reports, differences in genetic
lines of chickens with varying growth rates of intestinal
development have previously resulted in a difference in
bacterial populations (Lumpkins et al., 2010).
The potential of using WGS of the cecal microbiome
for metagenomics analyses was demonstrated in this ex-
periment. Although metagenomics analyses have gained
recent popularity, nearly all the studies are based on
16S rRNA gene surveys (Yeoman et al., 2012). The data
generated from the WGS helped gain detailed informa-
tion on the genera and species of microbiota that are
altered when chicks are fed a higher fiber diet, indi-
cating that these microbes may play important roles in
fiber utilization. The increased abundance of Helicobac-
ter pullorum and Megamonas hypermegale for broilers
fed the high fiber diet and layers fed the low fiber diet
(Figure 3, Table 4) is consistent with the prior observa-
tion that these microbiota play a key role in the coordi-
nation of polysaccharide degradation responsible for the
apparent increases in SCFA concentrations (Sergeant
et al., 2014). We also observed a decrease in the genus
Faecalibacterium (a major contributor to the phylum
Firmicutes) in the high SCFA producing chicks.
Consistent with the decrease of butyric acid concen-
tration in the chicks fed the high fiber diet, the WGS
metagenomic analyses also revealed the increased abun-
dance of Campylobacter jejuni (broilers only) and Es-
cherichia coli (both lines, Figure 3 and Table 4). Both
of these bacterial species are associated with inflam-
matory response, suggesting an overall decrease of host
gut health due to the high fiber diet (Smith et al., 2008;
Sandford et al., 2011). Importantly, these are also both
food-safety pathogens, for which contaminated poultry
products have been identified as a source of human in-
fections. Further predictions such as metabolic poten-
tial of the microbiome with the WGS data also would
be possible. However, these predictions would be redun-
dant for this current study given that we measured the
actual SCFA output by the microbiome.
As expected, cecal microbiota fermented the diet in-
gredients to acetate, propionate, and butyrate as the
major products. Increasing dietary fiber in chicks’ diets
should be exercised with caution as it may not only af-
fect overall performance of chicks, but also contribute to
possible negative impacts on the birds’ health. The re-
sults of this experiment provide insights in understand-
ing the effects of dietary fiber on cecal SCFA concen-
tration and microbiota of broiler and laying-hen chicks.
The increase in fermentable dietary fiber concentration
in diets results in increased cecal SCFA concentrations.
Cecal microbiota are altered by modification in the diet,
and broiler and laying-hen chicks are inhabited by dif-
ferent microbes, which could partly explain why the
2 chicken lines had differences in performance, as re-
ported in earlier studies.
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